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ABSTRACT 

A patched conic  program (GNDHOM) has been w r i t t e n  
which gene ra t e s  a f u e l  optimal t r a n s e a r t h  t r a j e c t o r y  from l u n a r  
park ing  o r b i t  t o  earth landing. The t r a j e c t o r y  may be f u e l  
optimized wi th  r e s p e c t  t o  longi tude  of e a r t h  landing ,  t i m e  of 
f l i g h t ,  and t h e  t i m e  s p e n t  i n  l u n a r  o r b i t  a f t e r  LM-CSM rendezvous. 

A l l  t ra jector ies  a re  cons t r a ined  t o  e n t e r  t h e  atmos- 
phere a t  a g iven  a l t i t u d e  w i t h  a s p e c i f i e d  e n t r y  angle  and land  
w i t h i n  a s p e c i f i e d  geographic zone de f ined  by long i tude  and 
l a t i t u d e  l i m i t s .  I n  add i t ion ,  a s p e c i f i e d  geographic r e t u r n  
i n c l i n a t i o n  l i m i t  and t o t a l  mission d u r a t i o n  l i m i t  are incorpor-  
a t e d  as c o n s t r a i n t s .  

T h i s  method allows t h e  de te rmina t ion  of t h e  opt imal  
r e t u r n  t r a j e c t o r y  f o r  missions t o  l u n a r  si tes r e q u i r i n g  h igh ly  
i n c l i n e d  l u n a r  park ing  orbi ts .  
t h e  r e t u r n  t r a j e c t o r y  r e l i e d  on t h e  assumption of l o w  i n c l i n a -  
t i o n  l u n a r  parking o r b i t s .  

Previous SCMASP op t imiza t ion  of 
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MEMORANDUM FOR FILE 

INTRODUCTION 

The nominal t r a n s e a r t h  i n j e c t i o n  ( T E I )  maneuver p l a c e s  
t h e  CSM on a t r a j e c t o r y  from l u n a r  park ing  o r b i t  t o  a s a f e  ear th  
landing.  The t r a n s e a r t h  t r a j e c t o r y  i s  cons t r a ined  t o  provide a 
s u i t a b l e  e n t r y  i n t o  t h e  ea r th ' s  atmosphere and a landing  w i t h i n  
a s p e c i f i e d  geographic zone def ined  by l a t i t u d e  and long i tude  
l i m i t s .  T h e  t r a j e c t o r y  must be such so  as n o t  t o  v i o l a t e  a maxi- 
mum geographic r e t u r n  i n c l i n a t i o n .  
any t i m e  a f t e r  LM-CSM rendezvous as long as t h e  r e s u l t i n g  trajec- 
t o r y  does n o t  v i o l a t e  t h e  s p e c i f i e d  maximum mission d u r a t i o n .  
The t i m e  i n  l una r  parking o r b i t  (LPO) a f t e r  rendezvous may be 
s p e c i f i e d  or it may be optimized t o  produce minimal T E I  f u e l  
requirements .  

The T E I  maneuver may be made 

Subject t o  the  above requirements  and c o n s t r a i n t s  it 
i s  d e s i r a b l e  t o  perform t h e  T E I  maneuver wi th  minimum charac- 
t e r i s t i c  v e l o c i t y  (AV). The parameters t h a t  a r e  a v a i l a b l e  f o r  
op t imiza t ion  inc lude  longi tude of ear th  l and ing ,  v e l o c i t y  azimuth 
a t  MSI e x i t ,  t i m e  of f l i g h t ,  and pos t -ascent  t i m e  i n  l u n a r  o r b i t .  
Previous ana lyses  (References 1 and 2 )  provide f o r  op t imiza t ion  
w i t h  r e s p e c t  t o  e x i t  v e l o c i t y  azimuth (ALF28P)" and e a r t h  landing  
long i tude  (ELN30P) w i t h i n  an  a l lowable  range. However, t h e  o p t i -  
miza t ion  l o g i c  i s  based upon maximizing t i m e  of f l i g h t . * *  While 
t h i s  cr i ter ia  i s  g e n e r a l l y  v a l i d  f o r  low i n c l i n a t i o n  l u n a r  o r b i t s  
it i s  n o t  n e c e s s a r i l y  t r u e  f o r  h ighe r  l a t i t u d e  si tes and h i g h e r  
i n c l i n a t i o n  l u n a r  parking o r b i t s .  The program presented  h e r e i n  
provides  for  op t imiza t ion  with r e s p e c t  t o  e a r t h  landing  long i tude ,  
w i t h i n  a s p e c i f i e d  longi tude  b a n d , t h a t  i s  based on a d i f f e r e n t  
s e l e c t i o n  c r i t e r i o n  v a l i d  f o r  any l u n a r  park ing  o r b i t .  I t  a lso 
provides  t h e  a d d i t i o n a l  c a p a b i l i t y  t o  opt imize  t h e  T E I  maneuver 
w i t h  r e s p e c t  t o  t i m e  of f l i g h t  and t i m e  of d e p a r t u r e  from l u n a r  
o r b i t .  

*Standard BCMASP v a r i a b l e  names w i l l  be used throughout.  

**Reference 2 ,  see Program ANLSIS. 
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A t y p i c a l  p l o t  of  T E I  AV cost  (DLV26P) v e r s u s  t i m e  of 
f l i g h t  from i n j e c t i o n  t o  landing (DTFL) f o r  an extreme l a t i t u d e  
l and ing  s i t e * * *  i s  i l l u s t r a t e d  i n  F igure  1. 
an opt imal  f l i g h t  t i m e  i s  ev ident .  This  i s  t h e  r e s u l t  of a lower 
p l ane  change requirement  a t  a h i g h e r  energy (shorter  f l i g h t  t i m e )  
r e t u r n .  For r e t u r n s  from low i n c l i n a t i o n  l u n a r  o r b i t s  t h e  p lane  
change requirements  are usua l ly  s m a l l  and t h e  opt imal  r e t u r n  t ra-  
j e c t o r y  i s  governed by minimal energy or  maximum t i m e  of f l i g h t .  

The range of t i m e s  of f l i g h t  covered by t h e  curves  of 
F igure  1 correspond t o  a continuum of  e a r t h  landing  long i tudes .  
S ince  Apollo ground r u l e s  c a l l  f o r  a landing w i t h i n  a s p e c i f i e d  
geographic  zone, c u r r e n t l y  between 150' (ELNMAX) and 170'  (ELNMIN)  
w e s t  l onq i tude  and +35O l a t i t u d e ,  only those  bands i l l u s t r a t e d  
i n  F igu re  1 r e p r e s e n t  v a l i d  landing  o p p o r t u n i t i e s .  S ince  t h e  
atmospheric  e n t r y  p o i n t  i n  geocen t r i c  i n e r t i a l  c o o r d i n a t e s  does 
n o t  vary  by more than  a few degrees i n  long i tude  and s i n c e  t h e  
r e e n t r y  maneuver angle  (THETAM) i s  f i x e d ,  t h e s e  bands are spaced 
approximately 24 hours a p a r t  corresponding t o  t h e  t i m e  i n t e r v a l  
d u r i n g  which t h e  e a r t h  makes one r e v o l u t i o n ,  t h u s  b r i n g i n g  t h e  
l and ing  zone i n t o  proper  p o s i t i o n  f o r  a s p a c e c r a f t  landing.  

The fol lowing diagram g r a p h i c a l l y  i l l u s t r a t e s  t h e  
o r d e r  of op t imiza t ion  t h a t  i s  employed. 

The e x i s t e n c e  of 

GNDHOM 

Optimizat ion with r e s p e c t  t o  post-rendezvous t i m e  i n  LPO 

Optimizat ion w i t h  r e s p e c t  t o  t i m e  of f l i g h t  

- FLYHOM 

Optimization wi th  r e s p e c t  t o  e a r t h  landing  
longi tude  

Optimization wi th  r e s p e c t  t o  azimuth of 
t h e  MSI e x i t  v e l o c i t y  subject t o  l i m i t s  
determined f r o m  maximum i n c l i n a t i o n  and 
maximum l a t i t u d e  c o n s t r a i n t s .  

Targe ts  t r a n s e a r t h  t r a j e c t o r y  t o  r *Om given  ear th  landing  long i tude  - 

***Crater Tycho, 40'54' sou th ,  11'21' w e s t .  
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The op t imiza t ion  of bo th  t i m e  of f l i g h t  and e a r t h  
l and ing  long i tude  i s  c o n t r o l l e d  by t h e  s l o p e  of t h e  curve 
t y p i c a l l y  i l l u s t r a t e d  i n  Figure 1, t h a t  i s  t h e  p a r t i a l  de r iva -  
t i v e  of  A V ~ ~ ~  wi th  r e s p e c t  t o  t r a n s e a r t h  t i m e  of f l i g h t ,  which 
i s  computed i n  HOME. 

The GNDHOM t i m e  of  f l i g h t  op t imiza t ion  proceeds as 
fol lows.  The longes t  f l i g h t  t i m e  s o l u t i o n  i s  computed f i rs t  
wi th  t h e  landing  longi tude  equal  t o  ELNMIN.  
t i v e  of  r equ i r ed  T E I  AV wi th  r e s p e c t  t o  r e t u r n  t i m e  of f l i g h t  
(PD26DT) i s  computed i n  subrout ine  HOME as convergence t o  t h e  
s o l u t i o n  occurs .  
t i v e  then  t h e  maximum f l i g h t  t i m e  s o l u t i o n  i s  opt imal  and i s  
r e tu rned .  
b i l i t y  of  a lower AV s o l u t i o n  a t  a lower f l i g h t  t i m e  and t i m e s  
of f l i g h t  approximately 2 4  h r s .  e a r l i e r  are i n v e s t i g a t e d .  

The p a r t i a l  de r iva -  

I f  t h e  s i g n  of t h e  p a r t i a l  d e r i v a t i v e  i s  nega- 

I f  the  d e r i v a t i v e  i s  p o s i t i v e  t h e r e  e x i s t s  t h e  poss i -  

The s i g n  of PD26DT a l s o  provides  t h e  c r i t e r i a  f o r  
s e l e c t i o n  of t h e  opt imal  e a r t h  landing  longi tude  i n  FLYHOM. I f  
t h e  s i g n  of t h e  p a r t i a l  i s  negat ive  then  t h e  long i tude  corres- 
ponding t o  t h e  longer  f l i g h t  t i m e  s o l u t i o n  i s  s e l e c t e d  (ELNMIN)  . 
I f  t h e  s i g n  i s  p o s i t i v e  then ELNMAX is s e l e c t e d .  I t  may be 
noted t h a t  t h e  opt imal  longi tude  is a t  a boundary excep t  f o r  
t h e  case where a s o l u t i o n  band e x i s t s  a t  t h e  minimum of t h e  
DLV26P vs .  DTFL curve.  However, i n  t h i s  reg ion  t h e  s l o p e  of 
t h e  curve  i s  near  zero and t h e  s e l e c t i o n  of ELNMIN o r  ELNMAX 
causes  a v a r i a t i o n  of only a few f e e t  p e r  second i n  DLV26P. 

Opt imizat ion w i t h  r e s p e c t  t o  t i m e  i n  l u n a r  o r b i t  
post-rendezvous i s  performed i n  an o u t e r  loop of GNDHOM. The 
number of  l u n a r  o r b i t s  post-rendezvous (REVLO2)  i s  incremented 
from a minimum (REV2MN) t o  a maximum (REV2MX) i n  s t e p s  of three 
r e v o l u t i o n s .  For each va lue  of REVL02 considered,  t h e  opt imal  
t i m e  of f l i g h t  and a s soc ia t ed  DLV26P i s  computed. 
which g i v e s  t h e  minimum DLV26P i s  s e l e c t e d  and r e t u r n e d  as t h e  
opt imal  s o l u t i o n .  

The REVLO2 

A f l o w  c h a r t  of GNDHOM is presented  i n  Appendix A and 
l i s t i n g s  of GNDHOM and FLYHOM are g iven  i n  Appendix B. 

MODIFICATIONS TO EXISTING BCMASP PROGRAMS 

Seve ra l  modi f ica t ions  w e r e  made t o  t h e  basic t r a n s -  
e a r t h  i n j e c t i o n  op t imiza t ion  of BCMASP t o  implement 
logic.  

A. FLYHOM 

t h e  improved 

The c a l c u l a t i o n  of t h e  optimum ALF28P w a s  
i n t o  a new subrou t ine ,  FLYHOM. The op t imiza t ion  of 

inco rpora t ed  
ALF 28P w i t h i n  
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s p e c i f i e d  l i m i t s  i s  unchanged and i s  performed by c a l l i n g  sub- 
r o u t i n e  OPTALF. These  l i m i t s  on ALF28P a r i s e  from t h e  maximum 
r e t u r n  i n c l i n a t i o n  and l a t i t u d e  c o n s t r a i n t s .  The c a l c u l a t i o n  of 
t h e  maximum r e t u r n  i n c l i n a t i o n  l i m i t s  remains unchanged. The 
c a l c u l a t i o n  of t h e  ALF28P l i m i t s  due t o  t h e  l a t i t u d e  c o n s t r a i n t  
w a s  s t reaml ined  by e l imina t ing  t h e  c a l c u l a t i o n s  f o r  v a r i a b l e  
r e e n t r y  maneuver angle .  This new v e r s i o n  g r e a t l y  s i m p l i f i e d  t h e  
program l o g i c  and is v a l i d  as long as t h e  landing  l a t i t u d e  l i m i t s  
are g r e a t e r  than t h e  maximum d e c l i n a t i o n  of t h e  moon (28.7 d e g r e e s ) .  
The p r e s e n t  l i m i t s  are 235 degrees .  

I n  a d d i t i o n  t o  t h e  mod i f i ca t ion  of t h e  ALF28P l i m i t  
c a l c u l a t i o n s  the r equ i r ed  log ic  f o r  t h e  s e l e c t i o n  of t h e  o p t i -  
m a l  l anding  long i tude  has been inco rpora t ed  i n t o  FLYHOM. T h i s  
s e l e c t i o n  i s  based on t h e  s i g n  of t h e  p a r t i a l  d e r i v a t i v e ,  PD26DT, 
as desc r ibed  i n  t h e  s e c t i o n  l abe led  Technical  Approach. A l i s t -  
i n g  of FLYHOM is presented  i n  Appendix B.  

B. HOME 

HOME t a r g e t s  t h e  t r a n s e a r t h  t r a j e c t o r y  us ing  v a l u e s  
for ALF28P and ELN30P from FLYHOM and va lues  fo r  REVL02 and 
HRTMXP (maximum conic  t r a n s e a r t h  f l i g h t  t i m e )  from GNDHOM. HOME 
w i l l  allow a r e t u r n  t i m e  of f l i g h t  from i n j e c t i o n  t o  e n t r y  (HRTEP) 
between HRTMXP+2 and HRTMXP-26 hours.  Since landing  s o l u t i o n s  
are spaced approximately 2 4  hours a p a r t  two s o l u t i o n s  could e x i s t  
w i t h i n  t h i s  range. T h i s  d i f f i c u l t y  i s  avoided by t h e  GNDHOM 
log ic ,  which having obta ined  t h e  approximate f l i g h t  t i m e s  cal- 
c u l a t e s  va lues  of HRTMXP equal t o  t h e  f l i g h t  t i m e  + 1 2  hours .  
Th i s  i n s u r e s  t h a t  only one s o l u t i o n  w i l l  e x i s t  i n  t h e  range 
considered by HOME. 

T h e  c a l c u l a t i o n  of t h e  p a r t i a l  d e r i v a t i v e  PD26DT w a s  
i nco rpora t ed  i n  HOME. HOME c o n s i s t s  of t w o  nes ted  i t e r a t i o n  
loops. The o u t e r  loop a d j u s t s  t h e  g e o c e n t r i c  v e l o c i t y  magni- 
t ude  a t  M S I  e x i t  (VE28P) t o  achieve the  d e s i r e d  landing  long i tude .  
The i n n e r  loop  achieves convergence on t h e  M S I  p o s i t i o n  vector 
and t i m e  f o r  a given va lue  of VE28P. Since a change i n  l and ing  
long i tude  o r  VE28P r e a l l y  r ep resen t s  an adjustment i n  t h e  t i m e  
of f l i g h t  t h e  p a r t i a l  d e r i v a t i v e  i s  obta ined  by d i f f e r e n c i n g  
the  DLV26P obta ined  a f te r  convergence of t h e  i n n e r  loop wi th  t h e  
DLV26P of t h e  previous i t e r a t i o n  ( d i f f e r e n t  VE28P) and d i v i d i n g  
by t h e  d i f f e r e n c e  i n  t h e  time of f l i g h t .  That  is: 

a av2 6 

a t f l  
PD26DT = i-1 - “26 i “26 

i-1 - t f l  t f l  i 
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where t h e  s u b s c r i p t s  i, i-1 denote two success ive  converged 
s o l u t i o n s  f o r  d i f f e r e n t  values  of VE28P. As convergence occurs  
PD26DT approaches t h e  s l o p e  of t h e  AV cost f o r  T E I  ve r sus  t i m e  
of f l i g h t  curve (F igure  1). 

SUMMARY 

GNDHOM has  been designed t o  c a l c u l a t e  a minimum AV 
t r a n s e a r t h  t r a j e c t o r y  from lunar  parking o r b i t  t o  a p o i n t  w i t h i n  
an ear th  landing  zone. The opt imiza t ion  c r i te r ia  i s  v a l i d  f o r  
r e t u r n s  from high and l o w  i n c l i n a t i o n  l u n a r  park ing  o r b i t s .  T h e  
t r a j e c t o r y  provides  f o r  a s a f e  atmospheric e n t r y  and w i l l  n o t  
v i o l a t e  t h e  maximum r e t u r n  i n c l i n a t i o n  and mission d u r a t i o n  con- 
s t r a i n t s .  The l o g i c  provides  op t imiza t ion  w i t h  r e s p e c t  t o  velo-  
c i t y  azimuth a t  M S I  e x i t ,  e a r t h  landing  long i tude ,  t i m e  of f l i g h t  
and t i m e  i n  lunar  o r b i t  a f t e r  LM-CSM rendezvous. 

KR. L 
M. R.  K e r r  

M R X  20 13-RJs-s lr 
R. p. Jrw 
R. J. S t e r n  

At t achmen t s  
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APPENDIX A 

GNDHOM 

INPUT 

REv2MN 

REV2MX 

TMMAX 

TFLMIN 

TFLMAX 

IFLY 

REVLO2 

DATELP 

TIMELP 

DAT29P 

TIME29P 

DAT 2 3P 

TIM23P 

TSTAY 

PERLOP 

DEGCIR 

HMLOPX (3)  

RM23PX (3)  

M i n i m u m  number of r evo lu t ions  i n  l u n a r  o r b i t ,  
post-rendezvous 

Maximum number of r evo lu t ions  i n  l u n a r  o r b i t ,  
post-rendezvous 

Maximum miss ion  d u r a t i o n  (days) 

Minimum t r a n s e a r t h  t i m e  of f l i g h t  ( h r  .) 

Maximum t r a n s e a r t h  t i m e  of f l i g h t  ( h r  .) 

Optimization f l a g  - 0 ALF28P, ELN30P 
1 ALF28P, ELN30P, HRTEP 
2 ALF28P, ELN30P, HRTEP, 

REVLO 2. 

Number of revolut ions i n  l u n a r  o r b i t ,  pos t -  
rendezvous (needed i f  IFLY = 0 o r  1) 

J u l i a n  da t e  of  launch 

Universal  t i m e  of launch (sec.) 

J u l i a n  da t e  of r e e n t r y  

Universal  t i m e  of r e e n t r y  (sec.) 

J u l i a n  da te  of l u n a r  landing 

Universal  t i m e  of l u n a r  landing  (sec.) 

Surface s t a y  t i m e  (sec.) 

Period of conic luna r  o r b i t  (sec.) 

360 (degrees)  

Unit  l una r  o r b i t  angular  momentum vector 

Se lenocent r ic  vector t o  p o s i t i o n  of CSM on 
conic t r a j e c t o r y  a t  approximate t i m e  of LM 
landing ( f t . ) 

i 



I N P U T  (cont inued)  

VM23PX(3) 

OUTPUT 

REVLO 2 

HRTMXP 

HRTEMX 

A- 1 

CSM s e l e n o c e n t r i c  v e l o c i t y  v e c t o r  on c o n i c  
t r a j e c t o r y  a t  approximate t i m e  of LM l and ing  
( f p s  1 

N u m b e r  of r e v o l u t i o n s  i n  luna r  o r b i t  post- 
rendezvous (only i f  IFLY = 2)  

Maximum conic  t r a n s e a r t h  f l i g h t  t i m e  ( h r . )  

Maximum allowed t r a n s e a r t h  f l i g h t  d u r a t i o n  
(hr. 1 



T 

a 

N 

U 



I 

I 



. 
APPENDIX B 

c Program L i s t i n g  

C 

C 
C 

. 



s 

B-1 
0 

C A L L  F L Y h O M  

S D L V 2 b = O L V 2 6 P  
sH h T = H R T M X P 

l F ( D L V 2 6 P o G T o S U L J 2 6 )  GO T O  4100 

4 1 0 U  1 F ( P D 2 6 U l o L E O O o )  GO T O  4 Y O 1  
4200 lLLoP=ILuoP+L 

1 F t I L O O P o G T o I T L O O P )  GO T O  4901 
~ R T Y X P = T L P ( I L O O P ) - T O + 1 2 .  
C A L L  F L Y H O N  

s U L V 2 6 = O L V 2 6 P  
b W k T = t i K T M X P  

60 T O  4200 

A F ( U L V ~ O P ~ G T , S O L V ~ O )  GL) T O  4901 

L F ( P d 2 0 0 1 0 L E . 0 0 )  GO T O  4901 

4901 I F ( L O O P o G T o l o A N D o S U V 2 6 o L T o ~ D L V 2 6 )  GO TO 4902 
b D k 2 b = s U L V 2 6  
S H h M X Z 5 H H T  
b H t V L = R E V L 0 2  
L F ( I F L Y o L Q o l )  GO TO 4932 

4902 HEVL02=HEVL02+3o 
l F ( R E V L 0 2 o C T o R k V Z M X )  Gd T O  4950 
L G O P = L O O P + l  
W T O  JOG1 

4 95 0 rlR T M X P  =: S kif? hi X 
d E v L 0 2 = S H E V 2  
1 H t V 2 = 1  
t i H 1  EMX=HRTMXP 
GO T O  501rl 

4952 t i R T M X P = S h i l T  

4951 C A L L  F L Y h O F l  
HETURN 

t l H 1  t M X = t i H T h X P  

C 
4999 v ~ k l T L ( b v 4 9 Q 8 )  
4Y98 F O K M A T ( / '  NO S O L U T I O N  d I T H  IN FLIGHT T I M E  C O N S T R A I N T  ' 1  

NLTURN 



B-2 

J t i  FLYHO 



B-3  
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